Terahertz metasurface absorption materials, which absorb terahertz wave through subwavelength artificial structures, play a key role in terahertz wave shielding and stealth technology, etc. However, most of the metasurface absorption materials in terahertz suffer from limited tuning range and narrow incident angle characteristics. Here, we demonstrate a liquid-metal-based metasurface through microfluidic technology, which functions as a terahertz absorption material with broadband tunability and wide-angle features. The proposed terahertz metasurface absorption material exhibits an experimental tuning range from 0. Terahertz absorption materials play a key role in applications such as terahertz wave shielding and stealth technology, 1 etc. Recently, metasurfaces have inspired a burgeoning interest in the design of terahertz absorption materials by using a dielectric layer sandwiched between a metallic structure layer and a metal ground layer, matching the impedance to the free space and blocking all of the transmissions, respectively. [2] [3] [4] [5] [6] By tailoring the top metallic structure layer, the spaced dielectric layer, and the bottom metallic film, various absorption performances can be realized. [7] [8] [9] [10] In general, these proposed metasurface absorption materials usually rely on the electric and magnetic responses of top metallic structures, as well as the magnetic response induced by the inductive coupling between the metallic structures and the ground plane. The magnetic responses play an important role in the realization of impedance matching. 11 However, the magnetic dipole moments induced by the top metallic structures are usually perpendicular to the incident magnetic field, leading to a weak interaction between the induced magnetic dipole and the incident magnetic field. A vertical splitring resonator 12, 13 is therefore developed to provide an alternative method to enhance the magnetic response by erecting the split-ring resonators up along the propagating direction, resulting in a strong magnetic response between the incident magnetic field and the induced magnetic dipole. Such a design paradigm can be exploited to realize high absorption.
In addition, it is desirable to have terahertz absorption materials with frequency-agile and wideangle functionalities. [14] [15] [16] Recent progress in terahertz metasurface absorption materials has led to a Authors to whom correspondence should be addressed: Yamin.Leprince@u-pem.fr and eaqliu@ntu.edu.sg the realization of frequency-agile functionality that is provided by using liquid crystal, 17 graphene, 18 microelectromechanical systems actuator, 19 etc. However, these proposed tunable absorption materials usually have limited tuning range with narrow incident angle. Although much effort has been made to develop wide-angle absorption materials, the absorption frequency cannot cover in a broad range. 16, 20 Some other works show that the wide-angle characteristics can work only in a certain frequency. 21, 22 A wide-angle absorption material with broadband tuning range is still lagging behind.
Here, we report a proof-of-principle demonstration of a frequency-agile and wide-angle absorption material based on a liquid-metal-based metasurface, where the liquid-metal-pillar array can be continuously controlled in the vertical direction using microfluidic technology. 23, 24 The resonant structure demonstrated here is liquid-metal-pillars whose height can be tuned in the propagation direction, which breaks the tuning limitation in the 2D plane and provides a broadband tuning range of absorption frequency. In addition, such a liquid-metal-based metasurface induces magnetic dipoles that are parallel to the incident magnetic field, resulting in a strong interaction between the induced magnetic dipoles and the incident magnetic field. The magnetic resonance strongly confines and absorbs the terahertz wave in the metasurface. Furthermore, the absorption will not be deteriorated under oblique incidence, which promises the realization of a wide-angle absorption material. The liquid-metal-based metasurface is illustrated in Fig. 1(a) . The element consists of four liquid-metal-pillars embedded in penetrated silicon cavities, which are sandwiched between two polydimethylsiloxane (PDMS) layers. Such an element of four liquid-metal-pillars is patterned periodically into a square array, as shown in Fig. 1(a) . The liquid metal is injected from the bottom PDMS layer through microchannel and filled into each silicon cavity, as shown in Fig. 1(b) . The height of liquid-metal-pillars can be controlled by the air pressure applied from the air inlet. By applying different air pressures, the liquid-metal-pillars' height can be increased or decreased, resulting in a reversible process for flexibly reconfiguring the U-shape resonator. In order to achieve the identical tuning of the liquid-metal-pillars, the air inlets are connected with each other in the top PDMS layer, creating a uniform air pressure.
The tunable U-shape resonator is a variant of previously demonstrated designs that exhibit a Lorentz-like resonant response described by an effective complex permittivity ε(ω) = ε + iε and permeability µ(ω) = µ + iµ , where ε and ε are the real and imaginary parts of the permittivity, and µ and µ are the real and imaginary parts of the permeability, respectively. 25, 26 It can be described qualitatively in terms of its equivalent circuit, as shown in Fig. 1(c) . The adjacent two liquidmetal-pillars and the bottom liquid connection form an LC circuit, where the effective capacitance, inductance, and resistance are denoted as C, L, and R, respectively. By solving the Drude-Lorentz model, the resonant frequency of the tunable U-shape resonator can be described as 25
where µ r is the permeability of the substrate (silicon). S 0 is the cross-sectional area of the U-shape resonator, and V is the volume of each element, which are expressed as
where G is the gap between two adjacent liquid-metal-pillars, h is the height of liquid-metal-pillars, and P is the period of the metasurface (see Fig. S1 in the supplementary material). The resonant frequency of the U-shape resonator can be obtained as
When the height of the liquid-metal-pillars is changed, the corresponding equivalent capacitance C and inductance L will be controlled, leading to a tunable frequency of the U-shape resonator. For example, when the height of the liquid-metal-pillars h is increased, the effective size of the capacitor and the cross-sectional area of the inductive loop are increased, such that the effective capacitance C and inductance L become larger. Therefore, the resonant frequency ω would shift to lower frequencies based on Eq. (3) when h is increased, and vice versa.
In the simulation, the liquid metal is mercury, which is modeled with high electrical conductivity σ = 1.04 × 10 6 S/m. Silicon is modeled as a loss free dielectric with the real part of permittivity ε r = 11.9. PDMS is modeled as a lossy dielectric material. 27 The absorption of the metasurface is characterized by the absorbance, 28 A(ω) = 1 R(ω) T (ω), where R(ω) is the reflectance and T (ω) is the transmittance that is totally suppressed to zero due to the opaque metal liquid layer. It can be derived by the scattering parameter (S-parameter) using the microwave studio of CST (Computer Simulation Technology), i.e., A(ω) = 1 R(ω) = 1 |S 11 | 2 . The polarization-insensitive feature under normal incidence is numerically calculated in Fig. 2(a) when the height of liquid-metal-pillars is 70 µm. The symmetric structural design with four identical liquid-metal-pillars in an element enables the polarization-insensitive characteristics of the absorption under normal incidence. The absorption spectra are completely overlapped with TE and TM mode incidence (see the definition in Fig. S1 of the supplementary material). An absorption peak is induced at 0.32 THz with a near-unity absorption of 99%. This absorption peak is attributed to the induced magnetic resonance mode, which can be examined by the magnetic field distribution as shown in Figs. 2(b) and 2(c) with TE and TM mode incidence, respectively. Different electric charges are accumulated at the surface of adjacent liquidmetal-pillars, and an LC resonance is formed in the gap. 29, 30 The current loop is induced in the U-shape resonator, which is responsible for the strong enhancement of the magnetic field in the gap APL Mater. and for the creation of a magnetic resonance. In the absorption spectrum, another absorption peak is also observed at around 0.29 THz, which is induced by the Fabry-Pérot cavity.
In order to realize the dynamic control of absorption frequency, the effective length of magnetic plasmon resonance can be controlled by tuning the height of liquid-metal-pillars. The increasing height of liquid-metal-pillars results in a red shift of the magnetic resonance, as shown in Fig. 2(d) . When the height of liquid-metal-pillars is 40 µm, the corresponding effective length of the magnetic resonance is decreased, as shown in Fig. 2(e) , and thus, the absorption peak frequency is increased to 0.414 THz with absorption higher than 90%. When the height of liquid-metal-pillars is changed to 90 µm, the effective length of the magnetic resonance is increased, as shown in Fig. 2(f) , resulting in a decreased absorption peak frequency to 0.246 THz with absorption higher than 90%. The shift of the absorption frequency induced by the change of the height of liquid-metal-pillars agrees well to the prediction by an equivalent circuit model. The tuning range of central frequency of the absorption peak reaches 50.9% with absorption higher than 90%.
Here, we also investigate the electromagnetic response of the liquid-metal-based metasurface with oblique incidence. The absorption becomes polarization sensitive under the condition of oblique incidence. The simulation results of the absorption spectra with incident angle θ = 60°are shown in Fig. S2(a) of the supplementary material. A magnetic resonance is induced with TM mode incidence, as shown in Fig. S2(b) of the supplementary material. The absorption peak maintains in a single band with 99% absorption, as shown in Fig. S2(a) (blue line) of the supplementary material. However, a higher order of magnetic response occurs with TE mode incidence, which induces another absorption peak as shown in the red line. In this paper, we focus on TM mode incidence with oblique incidence. When the incident angle is increased from 0°to 60°, the tuning range of central frequency of the absorption peak covers 27.6% from 0.25 to 0.33 THz with absorption higher than 90%, as shown in Fig. S3 of the supplementary material, which realizes a broadband tunable absorption material in the wide incident angle with TM mode. Different from conventional Fabry-Pérot that is based on light interference between two reflective surfaces, the liquid-pillar-based metasurface is based on plasmonic resonance of the U-shape resonator, which has the merit of miniaturizing the resonator thickness to the deep sub-wavelength scale. For example, when the absorption frequency is 0.33 THz (wavelength λ = 910 µm) with incident angle of 60°, the height of the U-shape resonator is 53 µm (∼ 1 17 λ), which is much smaller than the operating wavelength.
The liquid-metal-based metasurface consists of 70 × 70 elements with 300 µm period. The fabrication processes are shown in Fig. S4 of the supplementary material. The top view of the microscopic images without and with mercury injection is shown in Figs. 3(a) and 3(b) , respectively. Mercury can also be replaced by other liquid metals, such as galinstan and liquid phase conducting polymers. The confocal images with different height of liquid-metal-pillars that are reconfigured by applying different air pressures are shown in Figs. 3(c)-3(f) .
The liquid-metal-based metasurface is experimentally characterized using THz time-domain spectroscopy (THz-TDS). The amplitude of the THz-TDS signal reflected from a metal mirror is measured as the reference, which is denoted as r ref (ω) . The measured THz-TDS signal reflected from the metasurface sample is denoted as r sam (ω). Since the transmission is totally blocked by the metal liquid layer, the absorbance is normalized as
The measured results with normal incidence when the height of liquid-metal-pillars keeps at 70 µm are shown in Fig. 4(a) . An absorption peak occurs at 0.32 THz with the absorption close to nearly unity, which agrees with the simulation results, as shown in Fig. 2(a) . There is a slight difference of the bandwidth of absorption between the simulation and experimental results, which is caused by the fabrication errors. All liquid-metal-pillars are not perfectly uniform due to the inhomogeneous pressure in the silicon cavity. These non-monodispersed liquid-metal-pillars will affect the bandwidth of absorption. The absorption spectra with TE mode and TM mode are almost overlapped, which verify the polarization-insensitive feature of absorption under normal incidence. By applying different air pressures, the height of liquid-metal-pillars can be changed from 0 to 100 µm. Figure 4(b) shows the absorption color map when the height of liquid-metal-pillars is increased from 30 to 90 µm. The absorption peak frequency is tuned from 0.246 to 0.415 THz with a tuning range of central frequency 51.1% and absorption higher than 90%. Figure 5(a) shows the experimental results of absorption spectra with different incident angles (TM mode) when the height of liquid-metal-pillars is 50 µm. The absorption peak frequency slightly red shifts when the incident angle is increasing as shown in Fig. 5(b) and the absorption maintains at nearly 99%. Such a frequency shift caused by the change of the incident angle will restrict its potential applications in electromagnetic wave shielding, etc. The red shift can be compensated by decreasing the height of liquid-metal-pillars, which realizes broadband absorption with wide incident angle. The experimental results of the wide-angle absorption material tuned by different heights of liquid-metal-pillars are shown in Fig. 6 . We demonstrate three absorption frequencies that are fixed at 0.25 THz [ Fig. 6(a) ], 0.28 THz [ Fig. 6(b) ], and 0.33 THz [ Fig. 5(c) ] when the incident angle is changed from 0°to 60°. By continuously tuning the height of liquid-metal-pillars, the wide-angle absorption can cover all the frequencies from 0.25 THz to 0.33 THz with a tuning range of central frequency 27.6%. The absorption outside the central frequency stays as high as 60%, which is caused by the top lossy PDMS layer. It can be suppressed by using low loss dielectric materials in the terahertz regime. Suppose the top dielectric layer is lossless (the imaginary part of the permittivity is zero), the absorption outside the central frequency is suppressed to near zero, as shown in Fig. S5 of the supplementary material.
In conclusion, a liquid-metal-based metasurface with frequency-agile and wide-angle broadband absorption working in terahertz has been demonstrated experimentally based on microfluidic technology. By controlling the height of the liquid-metal-pillar array in the vertical direction, the absorption frequency of the liquid-metal-based metasurface can be controlled from 0.246 THz to 0.415 THz with a tuning range of central frequency 51.1% and the absorbance higher than 90%. Finally, a wide-angle absorption material working from 0.25 THz to 0.33 THz with a tuning range of central frequency 27.6% is experimentally demonstrated when the incident angle is changed from 0°to 60°. Such a terahertz absorption material has potential applications in terahertz wave shielding and stealth technology, etc.
